While both the hole and electron doped cuprates can exhibit d x 2 −y 2 -wave superconductivity, the local distribution of the doped carriers is known to be significantly different with the doped holes going primarily on the O sites while the doped electrons go on the Cu sites. Here we report the results of density-matrix-renormalizationgroup calculations for a three-orbital model of a CuO 2 lattice. In addition to the asymmetric dependence of the intra-unit-cell occupation of the Cu and O for hole and electron doping, we find important differences in the longer range spin and charge correlations. As expected, the pair-field response has a d x 2 −y 2 -like structure for both the hole and electron doped systems.
remains an adequate model for the cuprates.
Neutron scattering studies of the LTT phase of LBCO find that the doped holes form a striped structure consisting of regions with excess holes separated by π-phase shifted antiferromagnetic regions 10 . At 1/8 hole doping, superconducting correlations are observed to onset together with the stripe order 11 . This pair-density-wave phase is believed to have a d-wave pair-field which is large in the regions with excess holes and oscillates in sign between these charged regions 12, 13 . Achkar et al. 14 have reported resonant soft x-ray scattering measurements which show that the charge distribution on the oxygens of LBCO have an s -CDW orbital structure in which the charge modulations on the O px and O py sites in a unit cell are in phase. STM Studies of BSCCO (p ∼ 8%) and NaCCOC (p ∼ 12%) find that these materials have a predominantly d-CDW orbital form factor in which these O px and O py charge modulations are out of phase 15 . Finally, recent resonant x-ray scattering measurements of Nd 2−x Ce x CuO 4 near optimal doping 16 find charge order which occurs with a similar periodicity and Cu-O bond orientation to that of the charge stripes seen in LBCO.
One-band Hubbard and t-J models have been found, within various approximations, to exhibit striped charge and spin structures [19] [20] [21] [22] [23] [24] , modulated nematic phases [25] [26] [27] as well as pair density wave phases [28] [29] [30] . RPA calculations for the three-band Hubbard model have also found nematic phases in certain parameter regimes [31] [32] [33] . Earlier DMRG calculations for a 3-orbital model of a two-leg CuO 2 ladder showed the expected local asymmetric chargetransfer behavior in which doped holes tend to predominantly go on the 2pσ orbitals while doped electrons go on the Cu 3d x 2 −y 2 orbitals 34, 35 . These calculations also found d x 2 −y 2 -like pairing correlations for both hole and electron doping in which the near neighbor Cu rung and leg pair-field correlations differ in sign. Here we extend these calculations to an 8 × 4
CuO 2 cluster with cylindrical boundary conditions. The cylindrical boundaries reduce the edge effects associated with the ladder, more reliably representing bulk behavior. The L × 4 geometry is also the minimal size that can contain stripe-like clusters of holes. With the 8 × 4 system we study the tendencies towards striping in the hole densities and whether doped holes or electrons modulate the phase of the antiferromagnetism. We also study the hopping kinetic energy associated with added holes or electrons, and the pairing tendencies in the doped system.
The lattice structure and the parameters of the three orbital CuO 2 model that we will study are shown in Fig. 1 Thus, working in units of t pd we will take for a canonical set of parameters
These parameters are appropriate for a charge transfer system for which
and ∆ pd > 2t pd . Using a similar set of parameters for a 2-leg CuO 2 ladder we previously found at half-filling a charge gap ∆ c ∼ t pd and a spin gap ∆ s ∼ 0.03t pd . For a 2-leg ladder the effective exchange coupling J ∼ 2∆ s ∼ 0.06t pd . For t pd of order 1 to 2 eV, these correspond to reasonable values for the charge gap and the exchange interaction. Our plan is to use this same set of parameters for both the hole and electron doped systems and focus on the differences that arise between them. We will comment on the effect of reducing t pp and, for the electron doped case, the effect of reducing ∆ pd .
The DMRG calculations will be carried out for an 8 × 4 CuO 2 lattice which has periodic boundary conditions in the 4-unit cell y-direction and open ends in the 8-unit cell x-direction.
For the charge and spin studies, we will work with a fixed number of holes 32 + N and a hole density per CuO 2 unit cell x = 1 + N/32 which is 1 for the undoped system. Positive values of N (x > 1) correspond to hole doping and negative values of N (x < 1) to electron doping. We typically did 15 DMRG sweeps, keeping up to m = 4000 states on the last sweep. This led to excellent convergence for the local quantities that we report here. A typical maximum truncation error was ∼ 10 −5 ; extrapolating the truncation error to zero gave typical fractional errors in the total energy also about ∼ 10 −5 . Without extrapolation, fractional errors in energy were estimated to be less than 10 −4 , and absolute errors in local quantities were in the range 10 −3 − 10 −4 . The good overall convergence for this cluster suggests that wider systems, say up to width 6, will be accessible for near-future studies.
In Fig. 2 we show the effect of doping on the local charge density and squared spin moments on the Cu and O sites as a function of the hole density x. As we will discuss later, there can be inter-and intra-cell spatial structure in the charge and spin. The results shown in Fig To study the longer range spin and charge correlations, we have applied a weak staggered magnetic field to the Cu sites on the left hand edge of the 8 × 4 lattice. The expected antiferromagnetic response of the undoped system is shown in Fig. 3 . Here, the diameters of the circles are proportional to the density of the holes and the lengths of the arrows are proportional to the spin moments. One sees, as shown in Fig. 2 that the holes are mainly on the Cu sites. The applied edge field has broken the spin symmetry and there is a well formed antiferromagnetic spin pattern.
In Fig. 4 we contrast the results for hole doping on the left with electron doping on the right. In this figure, the hole density distribution of the undoped lattice shown in Of course the 8 × 4 lattice already breaks C4 symmetry so one expects differences in the x and y oxygen hole occupations. Increasing V pp leads to an increase in these differences 38 but the s symmetry remains dominant.
For the electron doped system, one sees on the right hand side of A closer look at the 1/8 electron doped lattice is shown in Fig. 5(b) . Here one can see that there are two charge stripes but the antiferromagnetic correlations remain commensurate. Thus for these parameters we find charge stripes with incommensurate antiferromagnetism for hole doping and commensurate antiferromagnetic spin correlations for electron doping. This remains the case for the electron doped system when ∆ pd is reduced as is expected in the T structure where the apical oxygens are absent. Another important parameter is t pp which determines the effective hopping t between next-near neighbor Cu sites. In Hubbard and t − t − J models it is known that t affects the stripe stability 12,24 .
Here we find that when the oxygen-oxygen hopping t pp is reduced, the amplitude of the charge stripes is increased and the spin structure for the electron doped system also becomes incommensurate as shown in Fig. 5 (c) for t pp = 0. The effect of reducing t pp acts to increase the frustration associated with the antiferromagnetic background and gives rise to the π-phase shifted antiferromagnetic regions separating the charge stripes. We find that when t pp is reduced (below < ∼ 0.25), striping can occur for both the electron and hole doped system. However, the tendency for striping is stronger in the hole doped system.
The addition of holes to the filled band vacuum configuration (d Fig. 6(a) . The Cu-O hopping strength is larger than the O-O hopping strength reflecting the fact that the doped holes are of order 80% on the Cu sites. When additional holes are added, the hopping strength increases further. The difference in the hopping strengths between the 36 hole doped lattice and the undoped 32 hole lattice are illustrated in Fig. 6(b) . In the case of hole doping, the holes are distributed to both the Cu and O sites (∼ 25% to the Cu and ∼ 37.5% to each of the O sites) leading to the enhancement of both the Cu-O and O-O hopping strengths shown in Fig. 6(b) . In addition, one sees evidence of the charge stripe structure.
For the case of electron doping, the electrons go dominantly on the Cu sites. This The same as (b), but for the electron doped system, x = 0.875 +0.7. This is consistent with the notion that the doped holes will enter a region of the band between Γ and M where there is significant dispersion while the electrons will enter near X where the dispersion is flat.
In order to study the pairing response, we have applied a proximity singlet pair-field that couples to near neighbor Cu sites along the x direction,
with If the proximity pair-field is applied only between the horizontal Cu-Cu sites on the left edge of the lattice, the induced pair-field decays rapidly in the x-direction for the hole doped system and somewhat more slowly for the electron doped case. The longer range pair-field correlations are suppressed by finite size effects. These are particularly severe for the periodic in y (tube-like) geometry of our CuO 2 lattice. As seen in Fig. 4 for the hole doped lattice, a stripe appears each time a pair of holes is added for 2, 4 and 6 holes. This is consistent with previous 2-leg ladder studies where it was found that the preferred filling was 2 holes with respect to the x-near neighbor Cu-Cu pair-field induced by an applied x-near-neighbor proximity pair-field. These pair-field correlations are short range reflecting the finite size and geometric restrictions of the CuO 2 cluster studied.
